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Abstract: 

In this work we shall derive expressions for the single and double lepton polarization asym- 
metries for the exclusive decay B K*i~^i~, using the most general model independent 
effective Hamiltonian. We have conducted this study with this particular channel as it 
has the highest branching ratio among the various purely leptonic and semi-leptonic de- 
cay modes, making this mode particularly useful for studying physics beyond the SM. We 
have also analyzed the effects on these polarization asymmetries, and hence the physics 
underlying it, when complex phases are included in some of the Wilson coefficients. 
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1. Introduction 

As more and more experimental data is produced by 5-factories our quest for finding new 
physics signatures in the various decay modes for low energy processes is increasing. The 
sheer volume of literature studying the possible signatures of different supersymmetric (and 
other) models in the context of i?-meson decays evidences how promising a testing ground 
these rare decays, induced by the flavour changing neutral current (FCNC) 6 — > s, are. 
Of the various hadronic, leptonic and semi-leptonic decays modes (based on the 6 — > s 
transition of the i?-meson) the semi-leptonic decay modes are extremely significant as they 
are theoretically cleaner, and hence very useful for testing various new physics models. 
The semi-leptonic decay modes based on the quark level transition b — > si~^i~ offer many 
more observables associated with the final state lepton pair, such as the forward-backward 
(FB) asymmetry, lepton polarization asymmetries etc. These additional observables could 
prove to be very useful in testing the effective structure of these theories and hence the 
underlying physics. For this reason many processes like B iT{p)i~^£~ [1], B ^ [2], 
B — > K£~^i~ [3] and the inclusive process B — > Xsi~^i~ [4-6] have been studied. But of 
the various decay modes of the S-mesons based on the transition b — > si~^i~ the exclusive 
mode B K*£~^l~ is one of the more attractive due to it having the highest standard 
model (SM) branching ratio. For this reason large numbers of observables in this decay 
mode have been studied [7-11]. 

Previously Aliev et al. [8] studied the various single polarization asymmetries for this 
decay mode, where they used the model independent approach earlier proposed by Fukae et 
al. [5]. They were able to demonstrate that within the framework of a model independent 
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theory, constrained by the experimentally measured values of the B K*i~^i~ branch- 
ing ratio, there existed regions where the possible new Wilson coefficients could generate 
considerable departures from the SM. However, as pointed out in London et al. [12] some 
of the single lepton polarization asymmetries may be too small to be observed, and hence 
merely the single lepton polarization asymmetries may not provide a sufficient number of 
observables to crosscheck the structure of the effective Hamiltonian. With this in mind 
more observables are required. 

Further to this there has been in the recent observations of the B tttt and B nK 
decays hints of possible anomalies unexplainable within the SM [13, 14]. These anomalies 
arise when we try to match the pattern of data from the 5-factories with theory. The recent 
Belle and BaBar data regarding the B tttt mode can be easily explained by taking into 
account the non-factorizable contributions. Note that the B tttt channel is not greatly 
effected by the electroweak (EW) penguin diagrams and therefore one can extract the 
hadronic parameters from this by assuming isospin symmetry. Using the SU(3) flavour 
symmetry we can determine the hadronic B ttK parameters from the relevant S — > tttt 
modes. As has been pointed out some time back by Buras et al. [13], which has been 
revived in many later works [14], this procedure works very well and gives us a good match 
between theory and experimental results as long as we are analyzing those modes which are 
not greatly affected by the EW penguin diagrams. However, if wc try to repeat the same 
sort of exercise for modes like B^ n^Ks, which are dominated by EW penguins, then 
there is a substantial disagreement between theory and experimental data [13]. Lately some 
solutions of this "B — ttK puzzle" are being tested and almost all of these propose EW 
penguins which are sizably enhanced not only in magnitude but also in their CP-violating 
phase, which can become as large as -90°. This proposal is a very interesting one and 
can significantly affect many other decay modes. Rather detailed studies of this proposal 
have been carried out by Buras et al. [13] leading to possible predictions of substantial 
enhancements in the branching ratio of many leptonic and semi-leptonic decay modes, 
which will soon be tested in B-f actor ies. This sort of possibility forces us to consider the 
option of what could be the possible changes expected in various kinematical observables, 
such as the branching ratios, FB asymmetries and various polarization asymmetries, if some 
of the Wilson coefficients had such a large phase (making them predominately imaginary). 
Note that with this in mind we have analyzed this in an earlier work [15] for the inclusive 
decay mode B — Xs£'^£~. In that study we estimated the variation in the polarization 
asymmetries in the inclusive mode if the bsZ vertex were modified. In this work we also 
explored the option of allowing some of the Wilson coefficients having large CP violating 
phases. This sort of approach to finding the effects of extra phases in Wilsons on various 
kinematical observables like branching ratio, partial width CP asymmetry, FB asymmetry 
and single lepton polarization asymmetry in B — ^ K*£'^i~ have been followed in earlier 
works [16]. In this current study we shall also try to analyze what effects there shall be on 
the various polarization asymmetries in the B K*i^l^ decay. 

In this study we will work in a model independent framework by taking the most 
general form of the effective Hamiltonian and then analyzing the effect on polarization 
asymmetries if the Wilson coefficients (mainly the coefficients which correspond to vector 
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like interactions) have an extra phase. Keeping this eventual aim in mind, this paper shall 
be organized as follows: In section 2 we shall introduce the most general form of the effective 
Hamiltonian, obtaining (in terms of the forms factors for the B K* transition) the matrix 
element for the B — > K*i~^l~ decay and the unpolarized cross-section. In section 3 we shall 
define and calculate the various single and double polarization asymmetries, followed in 
section 4 with our numerical analysis. We shall also include a discussion of these results 
and our conclusions in this final section. 



2. The Effective Hamiltonian 

We know, from the paper by Fukae et al. [5] that together with the terms proportional 
to our conventionally defined C^ (written below as Csl and Cbr for terms corresponding 
to the standard —2msC'r and —2mi,C7 terms respectively), Cg and Cio (which can be 
redefined in terms of Cll and Clu) we have ten independent local four-Fermi interactions 
which contribute to the FCNC transition b si'^i"; 



Csl (^sia^^^Lb^ {l^f'l) + Cbr (^sia^u^Rb^ [l^^) 
+Cll {sLl^bL) {hYii) + Clr {sLif^bL) {IrY^r) 

+Crl {SRIM) {hl^L) + Crr (sRj^bR) {(rY^r) 

+Clrlr (sLbR) {Il^r) + Crllr {sRbL) 
+Clrrl (sLbR) [Ir^l] + Crlrl {sRbL) {he ' 



+Ct {sa^,b) (ia^^'^i) + iCTE {scj^.b) [la^pi) 



fiuaf3 



(2.1) 



where q represents the momentum transfer {q = Pb — Pk*), L/R = (l=P7^)/2 and the 
Cx's are the coefficients of the four Fermi interactions. Among these there are four vector 
type interactions {Cll, Clr, Crl and Crr), two of which contain contributions from the 
SM Wilson coefficients. These two coefficients, Cll and Clr, can be written as; 



LL — '^'3 ~ ^10 + '^LL, 

~itot 
'LR 

So C^j^l and C^*^ describe the sum of the contributions from the SM and new physics. 



Clr = Cg + Cio + Clr- (2.2) 



Eqn.(2.1) also contains four scalar type interactions {Clrlr, Crllr, Clrrl and Crlrl) 
and two tensor type interactions {Ct and Cte)- 

We shall now follow the standard techniques, as seen in references [5, 7-9] of rendering 
the quark level transition above to a matrix element which describes the exclusive process 
B K*£^i~, that is, by parameterizing over the B and K* meson states in terms of 
form factors. Using the form factor expressions derived in the paper by Ball et al. [17] we 
express our hadronic matrix elements as; 

{K*\sil ± ^^)b\B) = T^^ie' ■ q)Aois), (2.3) 
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(ii:*|5-7;.(l±7')^|i?) 



2V{s) 



mriB + rriK* 
{2pK* + q)^ (e* • , 



A2{s) 
ms + rriK* 



Tiq^{e*-q)^^{A,{s)-Ao{s)), 



(2.5) 



) 



{T,{s)-Us)}e*'^q 



+- 



T,{s)-T2{s) 



(2.6) 



Note that the parameterization of these form factors can be found in Appendix B.l. 

Using these form factor expressions our matrix element for the decay B K*i^ 
can be expressed as; 



VtbVu 



{hn) {Ae^.pae*''q''p'k, + ii?e* +2zC {pk*)^. {e*.q)} 



+ (V75^) {E e^,p^e*''qPp'k* + i Fe* + 2i G pk*^ {e*.q)} 
+iK {e e) {e* .q) + i M (^75^) (e*.g) 



+4iCr {ia^^e) 



2T^e*Pp'k, + N^e*Pq" - N2{e.q)p''j,,q'' 



+16Cte Ucr 



2rie*>^. + Mie*^^ - M2{e.q)pP,,q'' 



(2.7) 



where; 



Vis) 



rriB + rriK' 
tot r^tot 



B = [Crl + Crr - Cii - Cit) {tub + mK*)Ai-2 {Crr - Csl) ^ (m| - m],,) 



- y-'LL + '-■LR - ^RL - '^RR) 



ms + rriK* 



2 {Cbr - Csl) 



T2{S) + ^22 . Tsis) 



D = 2 {Cii + Cit - Crl - Crr) ^ (^3(^) - ^o(^)) + 2 {Cbr - Csl) 
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I ( /"itot I /~itot / ^ \ \ 

+ KyLL + ^LR - ^RL - '-^RR) + 

TP o /'/^ I r~<tot /-~ttot /-t \ 

tj - I [Crr + C^R - Cll - (-^RL) 



A2(s) 



rriB + rriK* 
V{s) 



2 {Cbr - Csl) -n 



T2{s) + 



Us) 



{niB + niK*) ' 
F = {Crr - C'S'r) {niB + niK*) A^{s), 



= [^RL + (^LR - '-'LL - ^RR) 



{niB + ruK*) ' 



H = 2 {Cit + Crl - Cii - Crr) {A^{s) - A^{s)) + {Crl + Clt - C^l - Crr) ^ ^^^^ , 

K = 2 {Crllr + Crlrl — Clrlr — Clrrl) — —Ao{s), 

nib 

M = 2 {Clrrl + Crllr — Clrlr — Crlrl) ^o(s), 

rrih 



Ni = -T,{s) + 



No 



Tiis)-T2is) 



.{T,is)-T2{s)}. 



Us) 



{m%-mj^,) 



Ml = Ni, 
M2 = N2. 



Using the above expression we can calculate the unpolarized decay rate as; 



^(B^ KH+r) 
as ^ ' 



2^'^TT^mB 



Ami 



A, 



(2. 



where A = 1 + rh'^t + — 2{fhK* + s) — 2mK*s with rhx* = iT^K*/fnB and s = s/rn^. s 



is the dilepton invariant mass. The function A is defined in Appendix B.2 



(2. 



3. Lepton polarization asymmetries 

In order to now calculate the polarization asymmetries of both the leptons defined in the 



effective four fermion interaction of Eqn.(2.1), we must first define the orthogonal vectors 
S in the rest frame of i~ and W in the rest frame of (where these vectors are the 
polarization vectors of the leptons). Note that we shall use the subscripts L, N and T to 
correspond to the leptons being polarized along the longitudinal, normal and transverse 
directions respectively [2, 4, 6, 8, 12]. 



S^^ = (0,e^) 
= (0,eT) 
= (0,wi) 



P 



0. 



IP- 

PK* X p_ 

Ipk* X p_ 
{0,eN X e^) , 
P+ 



(3.1) 



0,' 



IPh 
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= (0,wt) = (0,w^ X wl), (3.2) 

where p+, p_ and pK* are the three momenta of the i.~ and K* particles respectively. 
On boosting the vectors defined by Eqns.(3J.,3^) to the cm. frame of the system only 
the longitudinal vector will be boosted, whilst the other two vectors remain unchanged. 
The longitudinal vectors after the boost will become; 



Sl 



,1 I iP-l Eep- 



rrii m£|p_ 



K={^^,-^]- (3.3) 



mi m£|p_ 

The polarization asymmetries can now be calculated using the spin projector ^(1 + 75-^) 
for £~ and the spin projector ^(1 + 75^) for 

Equipped with the above expressions we now define the various single lepton and double 
lepton polarization asymmetries. Firstly, the single lepton polarization asymmetries are 
defined as [2,4,6,8,12]; 



-p- 



\ ds ' ds J \ ds ' ds 

f dris^,Wa:) dr{s^-w^) \ ( dr{~s^,W:,) , dr(-Sa:~wI) 

\ ds ds J \ ds ds 



. _ \ ds ^ ds J \ ds ^ ds ^ 



~ds ' ds j I ds ' ds~ 



where the sub-index x can be either L, N or T. denotes the polarization asymmetry of 
the charged lepton Along the same lines we can also define the double spin polarization 
asymmetries as [12]; 

UT{S:c,Wy) _ dT{-S^,Wy) \ _ f dV{S^-Wy) _ dT{-S:,-Wy) \ 

( dV{S^yVy) dV{-S^Wv) \ , ( (S^{S^-Wy) dV{-S^-Wy) ^ ' ^ ' ' 

\ d~s "I" ds j \ ds ds 

where the sub-indices x and y can be either L, N or T. 
The single lepton polarization asymmetries are then; 



± -m%sXRe{A*E) ^ |A(1 - mi. - s)Re{B*G) 

3 Srhj^, 



- (A + 12sm^.) Re{B*F)] ± — 4-m|A {m\\Re{C*G) + (1 - m]^, - s)Re{F*C)] 
--^mBrniRe{B*CT) {2 (A + 12sm^.) A^i + {mj^, + s - 1) (m|AiV2 + 24mj^,Ti) } 

OTTl 

-^^^mlRe(C*CT)X \mlXN2 + 2(m\, +s- l)Ni + 8m|^*Ti| 
3mj^* 
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m%XTi {Re{A*CTE) T Re{E*CT)} 

64m£ 



^2 



m 



K* 



msX {sRe{H*K) + (1 - s - mj^*) 



xm%Re{G*K) + Re{F*K)} ^ —^^tubX {2(A + l2smj^,)Ni + (m^. + s - 1) 
X (Am|iV2 + 24m|^,ri) } i?e(F*CTE) ± |?^Am| {Am|A^2 + 2(m|f» +s- l)Ni 
+8inj^.Ti} Re{G*CTE) - 24^m\Re{M*K) - —^m% {m|sAV|Ar| 



+lQm%m\.s\TxN2 + Mrh\, (A + 3sm|;,) Tf } 



(3.6) 



TrmgVsA 
A 



Ami 



± 2msm£ {/m(^*F) + Im{B*E)} 



{m|A {Im{K*C) + Im{M*G)) 



+(1 - s - {Im{K*B) + /m(K*i^))} + 8m|^ {sA^i + (m|. + s - l)Ti} /m(A*C7T) 

+16ri {2Im{C^EB) ± /m(C^F)} - {(m|f* + s - l)/m(F*ii") - 4m|fam(F*G)} 



m 



+m%^XIm{G*H) ± ^"^f""^ {Am^iVa + 2 (m|^. + s - l) A^i + Sm\,Ti] Im{C^EK) 



^16m| {iVis + (m|f* + s - l) Ti) 



(3.7) 



7rmg-\/iA 
A 



4:m%miRe{A* B) ^ 



+1 — 1) 



"2 * 



{mis {Re{B*H) - XRe{C*H)) 



+{l-s- mj^,)ml {Re{G*B) - XRe{C*G)) + {Re{F* B) - XRe{F*C))] - 



16 (4m| + s) A 



X {TiRe{B*CT) - {sNi + {mj^. +s- l)Ti) Re{A*CTE)} + ^ {mlXRe{K*G) 

+(1 - s - mj^.)Re{F*K)} ± (siVi + {m\, +s- l)Ti) [m% {s - Amf) Re{CTE) 
Tl28m|m^riii:e(CrCTE)} ± {2 (8m^ - s) rh]i,Ti + 2m^ (m|f* + s - l) AT^ 



sm 



K* 



+m\n4XN2} Re{C^EG) + 



16m^ 



(mlAATa + 2 (mf^* + s - l) ATi + Smff^Ti} Re{MC^E) 



K* 



(3.8) 



And the double polarization asymmetries are; 



1 4m| 



A 3sm|^, 



2rni 



i^m%sml,X\A\^ + \{\ + I2sml.) \B\^ + ^A^jCp + m| 



X (l - s - m|-.) XRe{B*C)] - 32m|sm|-.mMTii?e(C|.^) + Sm^sm^ {2 (A + 12sm|-*) Ni 

+ (rh|f* + s - l) (m|AiV2 + 24m|:*ri) i?e(CTB5)} - 8m|smM {m|AiV2 + 2 (m|:* + s - l) JVi 



+8m|f*ri} Re{C^EC) + - s) m|lm|^,A i m||£;p + 



1 



{(A + 12sm|^*) 



-2rh| (5A + 2AsmK,)} \Ff - -^X [sX - 2m? (5A + I2srh\,) } \G\^ + m\X [s {rh\* +s-\) 
xRe{F*G) - 2mj (5 {mj^* + § - l) Re{G*F) - 3sRe{H*F)) } + SmlrheXs {sRe{M*H) 

+m% (1 - s - rh\.) Re{M*G) + Re{F*M)} + ^mls^X\M\^ 
+4m|s (s - imj) {m|jA^iV| + 4 (A + 12sm|-.) Nf + 4 + s - l) 



X (m|AiViiV2 + 24sm|-.iViri) + 16m|jsm|-. AiV2Ti} |Cr|^ + 256m|jm|-. {sA - 

X (A + 2smj^,)} tIICtI"^ + Ami - ^mj) {m%X^Nl + 4 (A + Usm]^,) Nf + 4 (m|^. + s - l) 



X 



(m|AA^iiV2 + 24sm|-,Ariri) + 16m%srhj^,XN2Ti} \Cte\^ + hl2m%rh\, [sX - 6m 
X (m|f* + s-l)}r2|CTEp 



(3.9) 



^ _ 1 m^vr /X 
A mj^t: V s 



+ I - 1) {m| {sIm{H*B) + (l - s - m|f*) Im{G*B)) + /m(F*S)} 



+Am^m| {m| (s/m(C*/f) + (l - s - m|f*) /m(C*G)) + Jm(C*F)} + {m|A7m((7*M) 

+ (1 - s - mff*) Im{B*M)} + (s - 4m|) {l6mBri/m(B*CT) + 16m| (sA^i + (rfi|f. +1-1) Ti) 
me 
2 

X (sA^i + [m]^, +S-1) Ti) Im{E*CT)] + 16mB { {2sm\*Ti + 2m| (m|^, + s - l) A\ 
+m\mjXN2) Im{C^EF) + m|m| (m|AiV2 + 2 (ml-. + s - l) TVi + 8mj^,Ti) 
((m|-* + 1-1) Im{G*CTE) + sIm{C^EH)) } + Smlms {m|AiV2 + 2 (m|^. + s - l) ^'l 



x/m(CfE^) + ^ ((m|^* + s - 1) Im{F*K) - mlXIm{G*K)) + 8m| 



+8m|^*ri} 



1 m^TT /A 



(3.10) 



1 



4mj 



s \j s 

-Re{M*G)) + (1 - s 



2m,lmj(,mesRe{A*F + B*E + STiG^F) + {m|A {Re{K*C) 



m\,) {Re{B*K) - Re{M*F))] - Sm%m]^,s [sNi + {m\, + s - l) Ti} 



X {Re{A*CT) - 2Re{CTE)) + 32mBsTiRe{B*CTE) + rhjs { {ra\* + s - l) {\F\'^ + m|jA|Gp) 
-2m|Aiie(F*G) + m| (m|^. + s - l) sRe{F*H) - m%sXRe{G* H)] + Sm%mfs {m\XN2 
+2 (ml:, + s - l) iVi + 8m|:,Ti} Re{K*CTE) - 256m|m^ (siVi + (?7i|:, + s - l) Ti} 

(|Ct|^ + 4|CTEn + (SiVi + (m|f. + s - l) Ti} Re{C^EE) 



(3.11) 



1 m^vr 
A m\-* 



{niK* +s-l)me {m| {sIm{H*B) + (l - s - m|f*) Im{G*B)) + 7m(F*S)} 



-Am^ml {m| (s/m(C*iJ) + (l - s - mf^.) /m(C*G)) + Jm(C*F)} 1- {m|AJm(C*M) 

+ (1 - s - m|f*) i"m(5*M)} + (s - 4m|) {l6mBri/m(S*CT) + 16m| {sNi + (?fi|f* + S - l) Ti) 



■Jm{G^EA) + ^ ((rn|f* + s - l) Im{F*K) - m\XIm{G*K)) 
; (sATi + {m]i. +S-1) Ti) Im{E*CT)] - IGms { (2sm|-,Ti + 2m| (m|^. + s - l) iVi 



8m| 
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+m%mjXN2) Im{CTEF) + mj^rhj {m%\N2 + 2 (m^. + s - l) iVi + 8m|-.Ti) 

{{m\. + s - l) Im{G*CTE) + sIm{C^EH)) } + 8m|m^s {m%XN2 + 2 (m|^* + s - l) iVi 



+8m|f*ri}/m(C^^M) 



(3.12) 



1 2m| 



m|j (s - 4m|) ( s\Af + S|E|2 + -|if|2 



{2 (A + Vlsm\*) m\* + sA} 



-mljAIGI^) + m|A (s + 2m^) {m|A|C|2 + 2 (m^, + s - l) {Re{B*C) - Re{F*G)) + \Ff} 
-48mBines {m|AA^2 + 2 (mlf. + s - l) iVi + Smj^^Ti} {m]j\Re{C*CTE) - {rh]i* + s - l) 



xRe {B*Cte)} + 2m|sm|A (^m|l|/i"p + 2Re{F*H) + + 2m|A (l - I - mf^*) 

X {(2m^ + s) Re{F*G) + 6smjRe{G* H)} - GniBmesX {ml {{mj^, + s - l) Re{G*M) 
-sRe{H*M)) - Re{M*F)} + 8m|s (s - 4m|) |C7rp {mljA^iVl + 16m|m|^, ATiiVa 
+192m^*rf + 4 (A + 12sm|^,) Nf + 4 (m|-. + s - l) (m|AiV2 + 24mff.ri) } 
+32m|s|CTEp {Xml {s + 8m|) (Am|Ar| + 16Tim%*TiN2) + 19sm%.T^ + 4 (8Am^ 

+s (A + Usmj^*)) nI + 4 (ml:* + s - l) (m|A (s + 8m^) N2 + 2Asrh\*T]) } 



(3.13) 



4m^ 



m|sA/m(EM) + 32m%miXmK,Ti {2Im{A*CTE) + Im{E*CT)) 



A 3m2^* V 

+A { {ml, +S-1) {mllm{G*B) - Im{G*F)) - Im{F*B) + m|A/m((7*G)} 
+AmBme {2 (A + 12sm^.) + (m^. + s - l) {m%XN2 + 24.m\,Ti)] ImiC^B) 

+Am,%me {SXTimj^. + m\X^N2 + 2A {m\* + s - l) iVi} Im{C^C) + ^m\sXIm{K*M) 

+3m|mM {m\ {sIm{K*H) + (l - s - m|f,) Im{K*G)) + i"m(if*F)} 
+16mBm^A {m| (8m|f*ri/m(C^EG) + iVg {m\XIm{C^EG) - {mj^. + I - l)) A^s) 
-2 (/m(C^E-F) - ml {ml* + s - l) Im{CTEG)) } + 16m|s (4 (A + I2sml.) + m^A^ 
+192ml*T^ + 4m|A (ml^. + S - l) iViiVs + 96 {ml* + s - l) TiNi + leAmlTiiVs} 

x/m(C^ECT) 



(3.14) 



1 moTT /A / 4m? 



il* 



2mlml*mesRe{A*F + B*E + ST^C^F) + {-m|A {Re{K*C) 



-Re{M*G)) - (1 - I - ml*) {Re{B* K) + Re{M*F))] - 8m|m|^.s {sA^i + {ml* + I - l) Ti} 
X (Ee(A*Cr) - 2Re{C^E)) + 32mBsTiRe{B*CTE) + rhjs { {ml* + s - l) {\F\^ + m%X\G\^) 
-2mlXRe{F*G) + ml {ml* + s - l) sRe{F*H) - m%sXRe{G*H)} + ^mlmfs {mlXN2 
+2 {ml* + s - 1) iVi + 8m|-,Ti} Re{K*CTE) - 256m|m£ {siVi + {ml* + s - l) Ti} 



{{Crf + MCte^) - 16m|s [sNi + {ml* + s - l) Ti} Re{G^EE) 



(3.15) 



Vtn 



3m%sXIm{E*A) + 32m%mAmj^*Ti {-2Im{A*CTE) + Im{E*CT)) 



4 "^1 / 
A 3m2^* V 

+A { {rh\, +S-1) {m%Im{G*B) - Im{C*F)) - Im{F* B) + m\\Im{C*G)] 
+4mBrhi {2 (A + 12sm|-.) iVi + {rhj^* + s - l) {m%\N2 + 24m|f*ri) } /m(C|,5) 

+4m|m^ {SATiml-. + m|A^7V2 + 2A {m\* + s - l) iVi} /m(CrC) + ^m\s\Im{K* M) 
+3m|m^A {m| {sIm{K*H) + (l - s - m|^,) Im(i^*G)) + 



+48mBm£A {m| (8m^*riIm(C^ijG) + iVs (m|jA/m(CrijG) 



K- 



+ S-l))N2) 



-2 {lm{CTEF) - ml [m\. + s - l) lm{C^EG)) } + 16m|s {4 (A + Vlsm\,) Nf + m%\^ 
+imm\*Tl + 4m|A {rh\, +s-l) N1N2 + 96 (m^. + s - l) TiNi + IGAmlTiTVa} 



xIm{C:^ECT) 
2 



(3.16) 



3A 



1 {2rh? 
A (s + 4mf) m|j|^|2 + _ {As - 2 (A + 12smi..) } |Sp + 



-Am| {A|Cp 



2 (m|^* + s - 1) Re{B*C)} + l28m%meXTiRe{A*CT) + m%\ {s - Amj) {-\E\ 



+ — 2-|i^P + l6mB-r^ {2 (A - 12smj^,) Ni + {mj^. + s - l) (m|AiV2 - 2Am\.Ti)] 



faf\ 



xRe{B*CTE) - 32m%—^ {SmJ^.Ti + m|AiV2 - 2A (m|^* + s - l) A^i} Re{C*CTE) 



m 



K* 

^ ^ {\s- 2mj (5A + Usmj,,)} \G\' + {\F\^ - 2m% {mj,. + s - l) Re{F*G)] 



+mB . 2 - 
rh1\ 



sm 



K* 



12ml^^Re{F*H) + Qms^^ {m| ((m|^* + s - l) Re{M*G) - sRe{H*M)) - Re{M*F)] 
m, m,T^^ 



K- 

3 2 As 
2 ^ml. 



K* 



|M|2 + . 



mi 



sm 



{ (4m| - s) ((A + 12sm|-,) sA^f + X^m^N"^ + 16sm|-.m|A) 



+4 (4m» - s) (rn^ 



x|Ct|^ + 32^:^^ {4 ((A + 12sm^*) s - 8m^A) sNf - s\m%N2 {Srhj - s) (AiV2 + 2m|-.ri) 



1^, + s - 1) s {XmlNiN2 + 24m|..iViTi) + 64m^* (4mf A - STuj^.s"^) } 



sm 



K* 



-4m| (Smf - s) (m^* + s - l) sAiViiV2 + 64m|-. (4Amf + 3m|-,s^) Tf + 96 + s - l) m^^* 



(3.17) 



4. Numerical analysis, Results and Discussion 



In this final section we shall present the results of our numerical analysis. As such, the 
input parameters which we have used, in order to calculate the various Wilson coefficients 
defined in Eqn.(^?l]), are listed in Appendix]^. The value of C7 is fixed by the observation 
of 6 — > 57. Note that this observation fixes the magnitude and not the sign of C7, we 
have therefore choosen the SM predicted value C7 = —0.313. For Cio we have used the 
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-3-2-10123 

Cx 

Figure 1: The branching ratio, Br {B K*t^t^), as a function of the various Wilson coefficients. 

SM value do = -4.997. Regarding the value of Cg^^ this receives both short and long- 
distance contributions. The long-distance contributions are the result of cc intermediate 
states, such as resonances of J/^. For our analysis we have used Cg^-^ = Cg + Y{s) where 
Cg corresponds to the short distance contribution, which we have taken to have SM value 
Cg = 4.334. Y{s) represents the 0{as) corrections coming from the operators Oi — Oq as 
given in Kruger & Sehgal [4]. In our present analysis we have confined ourselves only to 
short distance contributions. The form factor definitions which we have used in describing 
the hadronic transitions are listed in Appendix |B.l| . In our effective Hamiltonian there are 
in all 12 Wilson coefficients. Of these Csl and Cbr can be related to the SM Wilson C^^^ 
by; 

CsL = -2msC'/^ , CBR = -2m,C',". (4.1) 

Among the vector type coefficients Cll, C^lri ^RL ^-nd Crr two of them, namely Cll 
and C^"^, are already defined in terms of the SM Wilson coefficients {Cg^^ — Cio) and 
(Cg^^-FCio) respectively. The remaining vector type interaction coefficients Crl and Crr 
are taken to be free parameters. The coefficients of the scalar type interactions, namely 
Clrlr, Crllr, Clrrl and Crlrl, and the tensor type interactions, Ct and Cte, are 
also taken to be input parameters. 

As already discussed in the introduction we shall explain the B tttt and B Kir 
puzzle as resulting from a large phase in the electroweak penguin diagrams as has been 
proposed in [13]. This suggestion was initially made by Buras et al. some time back [13] 
and has lately been revived by many other groups [14] . Recently the implications of this 
suggestion on a variety of hadronic, leptonic and semi-leptonic processes has been studied. 
Note that, as emphasized in our earlier work on the inclusive decay mode B — > Xsi~^i~ 
[15], the polarization asymmetries could also significantly deviate from their SM values if 
there was a large phase in the electroweak penguins. This type of study has also been 
carried out by Aliev et al. [16] where they attempted to estimate the variation in the single 
polarization asymmetries for the exclusive process B K*i~^£~ , where the Wilsons had 
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Figure 2: The double polarization asymmetry, Vll, as a function of the various Wilson coefRcients, 
where both r leptons are longitudinally polarized. 



some extra phase. Aliev et al. in their study of the single lepton polarization asymmetries 
in the exclusive process B K*i^£^ also emphasized the importance of the tensorial 
interactions on various asymmetries [8]. They concluded that single polarization asym- 
metries are very sensitive to scalar and tensor type interactions. In our earlier work [18] 
we demonstrated the super symmetric effects on various double polarization asymmetries 
in B ^ K*i^i~ , where supersymmetry predicts the existence of scalar and pseudo-scalar 
operators in the large tanP region^ [19]. However, in this previous study we did not in- 
clude the tensorial structures. In this current work we will use the most general form of the 
effective Hamiltonian to study the effects on various polarization asymmetries. We shall 
also include the extra possible phase from the electroweak penguin sector. 

Note that in this paper these additional effects from the electroweak penguin sector. 



which can give effective structures similar to those given in Eqn.(2.1) with coefficients Cll, 
Clr, Crl and Crr, will all be given an additional phase. As already stated in section ^ 
two of these coefficients, namely Cll and Clr, can be parameterized in terms of Cg and 
Cio- Therefore we shall only consider effects of a new phase in the Cio, Crl and Crr 
coefficients. For this purpose we will parameterize these coefficients as; 

(4.2) 
(4.3) 
(4.4) 



Cio = 


[Ciole^'^io, 


Crl = 


\CRL\e''t"'^ 


Crr = 


\CRR\e''^^^ 



As the majority of our results involve the polarization asymmetries, listed in the pre- 
vious section, which are dependent on the scaled invariant mass (s), it is experimentally 
useful to consider the averaged values of these asymmetries. Therefore we shall present 

^tan(3 is the ratio of the vev's of two Higgs bosons 
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Figure 4: The same as Figure (0), but for i longitudinal and transverse. 



only the averaged values of the polarization asymmetries in our results using the averaging 
procedure defined as; 

Pi—ds 

{Pi) = ^ • (4.5) 

4m| dS 

Our results are presented in a series of figures commencing with Figure (|l]) where we 
have plotted the branching ratio of S — > K*t^t~' as a function of the various Wilson 
coefficients. In this plot we have constrained the value of the branching ratio to have an 
upper bound Br{B — > K*t^t~) < 5 x 10~^. As can be seen from this graph the largest 
variation in the branching ratio corresponds to tensorial type interactions. 
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Figure 5: The same as Figure (||), but for I normal and longitudinal. 
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Figure 6: The same as Figure (||), but for both leptons polarized in the normal direction. 



Figures (3)-(|lO|) represent the various double polarization asymmetries plotted as func- 
tions of the various Wilson coefficients. In these plots we have assumed that all the Wilson 
coefficients are real. In all cases we have varied the Wilson coefficients over a range of -3 to 
3. It is also apparent that, as in the case of the branching ratio, the greatest variation of 
the various double polarization asymmetries corresponds to the tensorial type interactions. 
From the graphs of the polarization asymmetries we can also see substantial variations for 
various other values of the Wilson coefficients. The major change is that produced in the 
plots of < Vll >, < Vlt >, < Vnn >, < Vnt >, < Vtl >, < Vtn > and < Vtt > 
where the respective asymmetry can even change sign for certain values of the Wilson co- 
efficients! Note that in these plots we have only shown those asymmetries which are larger 
than 10~^. As such the variations of Cll, Crl and Clr, in the respective asymmetries 
for Figures (0) and (^), are not shown. 
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Figure 7: The same as Figure (||), but for £ normal and transverse. 




Figure 8: The same as Figure (0), but for i transverse and longitudinal. 



Note in particular that the < Vll > in Figure @ shows substantial dependence on 
the Clr, Clrlr, Crllr, Crr, Ct and Cte coefficients in which the magnitude of the 
asymmetry can change by more than 100%. Of major significance is that the tensorial 
operators can even change the sign of this asymmetry. A very similar sort of behaviour is 
exhibited by these Wilson coefficients for < Vln >i < 'Pnl > and < Vnt >, except here 
in the case of < Vln > and < Vnl > the sign of the asymmetry does not change. We can 
also see in Figure @ that for the case of < Vnn > all the Wilson coefficients, with the 
exception of Cll and Crl, predict a sign change. 

These results prompt us to analyze the polarization asymmetries for the case where 
the branching ratio of i? ^ K*t^t~ remains close to the SM value. This sort of scenario 
could tell us more about how the various Wilson coefficients affect various asymmetries 
(as they are different quadratic functions of the Wilsons and hence carry independent sets 
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Figure 9: The same as Figure (||), but for £ transverse and normal. 



of information). This possibility has been presented in Figure ([ll|), where we have also 
restricted the branching ratio to the range 1 X 10"^ < Br{B K* T~^T ) < 4 X 10 ^. 
Prom these graphs we observe that there can be substantial variation in the polarization 
asymmetries even if the branching ratio is not substantially different from its SM value. As 
can be seen from Figure (^) all the polarization asymmetries shows substantial variations. 
Some of the asymmetries, in particular < Pn >, < Pit >, < Pnn >, < Pnt >, < Ptl >, 
< Ptn > and < Ptt > not only show variation in magnitude but even their sign changes. 
Some asymmetries like < Pnn >, < Ptl > and < Ptt > can change by more than an 
order of magnitude, even if there is no major change in the branching ratio. Note that all 
these asymmetries are most sensitive to tensorial structures in the effective Hamiltonian. 

The next set of results we present includes the extra phase in the Wilson coefficients, 
as stated in Eqns.(pl2|), and ([i^) . In Figures (|l^) and (|T3|) we have plotted integrated 
polarization asymmetries as a function of the phase (j)io. In Figure ([T^ ) we have used the 
SM value Cio = 4.669. Note that we have only shown those asymmetries which vary with 
the inclusion of (piQ . In Figure ( p!3|) we have plotted the same variables but with an increase 
in the magnitude of Cio, namely we have chosen |Cio| = 9. This value has been chosen 
to correspond with the value calculated by Buras et al. [13] which they predict in order 
to solve the B vrvr and B Kit puzzle. They say that Cio should be complex with a 
magnitude almost twice that of its SM value with a phase which should make it almost 
imaginary. As can be seen in both the Figures there is a substantial deviation as the phase, 
4>io, is changed. 



In Figure (14) we have plotted the correlations of various polarization asymmetries 
and the branching ratio oi B ^ K*t^t^ . In this plot we have varied the phase (j)RL in a 
range of < (j)jiL ^ t^- Finally in Figure (^) we have drawn the same sort of plot but for 
Cru. As we can see from these graphs some of the polarization asymmetries can change 
sign as we vary the phase of the Crl and Crr Wilsons. 

For the numerical analysis the central values of the form factors given in Appendix 
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Figure 10: The same as Figure (||), but for both leptons polarized in the transverse direction. 



B.l and [7] have been used. These form factors have substantial uncertainties associated 
with them but as can be seen from the various plots we have shown that these polarization 
asymmetries have substantial variations even if we restrict ourselves to a branching ratio 
near the SM value. In fact some of the asymmetries can even change sign, as shown in 
Figure (|TT|). Although changing the form factor definition will change the quantitative 
nature of these asymmetries (and the branching ratio) the qualitative nature of these 
observables would remain the same (as the variations in the asymmetries is substantial 
and hence even with uncertainties present in form factor definitions one can still draw 
definite conclusions regarding the asymmetries). 

Finally, in order to measure these various polarization asymmetries we must determine 
how many BB pairs are required. Using the arguments given in [3, 20], experimentally an 
observation of the polarization asymmetry < P > of a decay with branching ratio ;S at a 
na level to the required number of events is given by (i.e. the number of BB pairs); 



N 



n 



(for double polarization asymmetries) 



SiS2 B < Pij > 

= — — — (for single polarization asymmetries) 



sB <Pi> 



(4.6) 



In the above equation si, S2 and s are the efficiencies of detecting the state of polarization 
of T leptons. If we take si{= S2 = s) to be 0.5 then the number of events required to 
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Figure 11: Plots of various integrated polarization asymmetries with Branching ratio of B 
K*T+T~. In above figures Cs = Clrlr = Crlrl = Crllr = Clrrl- 



observe various asymmetries at the 3cr level would be^; 



N 



(2 ± 1) X 108 for <rL>,< Vn >, < Vt >, 
(8 ± 3) X 108 for < Vll >, < Vlt >, 

(5 ± 3) X 10^ for < Vln >, < Vnl >, 

(8 ± 7.5) X IQS for < Vnn >, < Vtl >, < Vtt >, 

(2 ± 1.5) X IQio for < Vnt >, < Vtn > ■ 



(4.7) 



The number of BB pairs required to observe these asymmetries might not be produced at 
the present generation B-factories but future factories like LHCb and Super-B would be 
able to measure these asymmetries. 

The study of polarization asymmetries in — > K*i~^i~ has also been done within 
the model independent framework by Aliev et al. [8]. Their study of the single lepton 
polarization asymmetries was done with real valued Wilsons. Our results agree with those 



^here we are taking the efficiency of detecting the polarization state, including the efficiency of t mea- 
surement and detection of the polarization of t. If r detection efficiency is 80% and efficiency of detection 
of its polarization state is 60% then the total efficiency of detecting t in a particular polarization state is 
0.8 X 0.6 « 0.5. 
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they obtained with the exception of typographical errors in their expression of the normal 
polarization asymmetries V^. 

The polarization asymmetries provide us a large number of observables which would 
be very useful in determining the structure of the effective Hamiltonian; which in turn 
could help us in discovering the structure of the underlying physics. The most general ef- 
fective Hamiltonain for transitions based on 6 ^ s{d)£~^i~ quark level transition has twelve 
Wilsons. If we consider all these Wilsons to be complex valued, this would result in 24 
parameters and we would need at least 24 observables in order to fix all these parameters. 
Of these the measurement of b ^ can fix one of them, namely the magnitude of C7. 
The observables which are presently at our disposal are the branching ratio and the FB 
asymmetry. Along with these two one can construct six single lepton polarization asymme- 
tries (three for each of the leptons) in addition one can have nine more double polarization 
asymmetries. This would still leaves us with six more unconstrained parameters. This 
number can be further restricted if we also construct the polarized FB asymmetries (which 
would gives us 15 more observables, namely six single lepton polarization asymmetries and 
nine double lepton polarization asymmetries). With this in mind a comprehensive study of 
polarized FB asymmetries was done by Aliev ct al. [10]. Inclusion of all these observables 
would give us 33 observables with which to fix the 24 parameters. So even if some of our 
observables arc small we should still have sufficiently many observables to constrain the 
value of our 24 parameters. 

To summarize, the various polarization asymmetries show a strong dependence on 
the scalar and tensorial interactions. Also the phase of the Wilson coefficients can give 
substantial deviations in the polarization asymmetries. This is of great importance as 
various polarization asymmetries have different bilinear combinations of Wilsons and hence 
have independent information. Hence they can be very useful in not only estimating the 
magnitude of the various Wilson coefficients but also in providing information regarding 
their phases. 
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A. Input peirameters 

ll^tbVf*,! = 0.0385 , « = T^ 
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Figure 12: The variation of the lepton polarization asymmetries as a function of the phase (in 
degrees), 0io, of Cio where we have taken |Cio| = 4.669. 
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Figure 13: The same as Figure ( |T^ ) but now taking \C-_ 
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Figure 14: The polarization asymmetries as a function of the branching ratio varied across the 
phase range < i^rl < tt; where the magnitude of Crl is taken to be \Ciil\ — 4. 



Gf = 1.17 X 10-^ GeV-2 , = 4.22 x IQ-^^ GeV 
niB = 5.3 GeV , mx* = 0.89 GeV , = 4.5 GeV 



-20- 



Figure 15: The same as Figure ( |l4| ) but now with |Cfl7?,| = 4 and we have varied the phase, (I)rr^ 
in the range < (pRn, < tt. 



B. Some Analytical Expressions 
B.l Parameterization of Form Factors 

In our calculations we have parameterized our form factors according to the expression; 

F{s) = F{0) exp (cis + cgs^) , (B.l) 

where we have used the central value of parameterization given in Table 3 of Ali et al. [7] , 
we reproduce this table below (Table |l|). 





Al 


A2 


Ao 


V 


Ti 


T2 


Ts 


m 


0.377 


0.282 


0.471 


0.457 


0.379 


0.379 


0.260 


Cl 


0.602 


1.172 


1.505 


1.482 


1.519 


0.517 


1.129 


C2 


0.258 


0.567 


0.710 


1.015 


1.030 


0.426 


1.128 



Table 1: The parameterizing coefhcients for the form factors, as expressed in Eqn.(B.l) 



B.2 The unpolarized cross-section 

The terms in the unpolarized cross-section, given in Eqn.( ^^ , are; 



A = Um% { (2m| + s) \A\' + {s - 4faj) \E\'} + l4^. 



{2mj + s) {{X + Usmj^,) \B\ 



+m%X^\Cf} + {2(A - 2Asrr?K,)m} + s{\ + I2sm\,)] \F\^ 

+m%\ {2 (A + I2m\,s) + sX] |Gp + 2m\{2rh} + s)(l -s- mj^,)XRe{B*C) 

+2Xm% { (l - s - rh\*) {2rhj + s) Re{G*F) + 6smjRe{F* H)} 



+- 



m 



4 \ 

-m^X 



K* 



8mlmj(l -s- mt*)Re(G*H) + 4— \sRe(H*M) + m|(l -s- mi* 

ruB 



xRe{G*M) + Re{F*M)} + {s - 4n?e)\K\'^ + sjMp 
16 1 



+■ 



3 mj^. 



{{s - 4m|) |Ct|' + 4 (s + 8m|) \Cte\^} 



4 (A + I2smj^,) + A^iVf - 4m|(l - s - {XN1N2 + rhj^*NiTi) 



+16m%mj^,XN2Ti 



+ ^"^{CtM [2 (A - em?,.^) m| + As] 



+- 



4096 mi 



B 



\CTE\'^Tf [2mj (A + Usmj^,) + sX] 



(B.2) 
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